Abstract In order to estimate to what extent the stimulatory action of C02 on ventilation is mediated by the formation of H+, we studied effects on the temporal profile of ventilatory response to C02 of carbonic anhydrase (CA) inhibition with acetazolamide in the halothane anesthetized spontaneously breathing rat. Since hydration reaction of C02 yielding H + is delayed by CA inhibition, the time courses of changes in tidal volume (VT), respiratory frequency (f), and minute ventilation (VE) in response to a stepwise increase in end-tidal P~o2 (d PETCo2 15 mmHg) were compared before (control state) and after i.v. injection of acetazolamide (50 mg/kg) in the hyperoxic condition. In the control state, an increase in VT was significantly slower than that in f; and the mean response half-times (T, i2) for the increase in VT, f, and VE were 50.6, 18.1, and 31.0 s, respectively. After acetazolamide administration, responses to C02, especially f -response and consequently 1'E-response became much slower, and the T12 for VT, f, and VE were 67.9, 55.0, and 63.0 s, respectively. The delay in VT-response was not statistically significant. The magnitude of increase in VE in the steady state hypercapnic stimulation was almost the same before and after acetazolamide administration. The results suggest that a rapid increase in f during C02 inhalation occurs predominantly through an increase in H + produced by hydration of C02 with CA, whereas VT-response may occur without involvement of this process. The different time courses of VT-and f -responses and possible effects of molecular C02 and /or H + on the regulatory mechanism for ventilatory pattern were discussed.
It is generally accepted that chemically sensitive structures in the ventrolateral medulla oblongate play an important role in the regulation of breathing. The unique stimulus to the "central chemosensor" is thought to be the H + concentration ([H +]) of the brain extracellular fluid (ECF) and the stimulatory action of C02 is derived through its ability to cause [H+] to increase (LOESCHCKE, 1982) . Some investigators have shown that ventilation could be expressed as a function of the brain ECF [H+] which was calculated from the arterial blood and cerebrospinal fluid (CSF) pH (PAPPENHEIMER et al., 1965; FENCL et al., 1966) . These correspondence, however, could not negate an alternative hypothesis that the molecular C02 itself has a stimulatory effect on breathing independently from [H+] changes through changes in Pco2 inevitably alter the ECF pH. Recently, several experiments using techniques of directly measuring the medullary ECF pH revealed that the ventilatory response to metabolically induced changes in the ECF pH was smaller than that to the same ECF pH changes produced by hypercapnia (TEPPEMA et al., 1983; ELDRIDGE et al., 1985; SHAMS, 1985) . At present it is difficult to distinguish whether the central chemosensor responds separately to the ECF H+ and to molecular C02 or the ture stimulus for ventilation is not the ECF H + but changes in the intracellular H + which would be larger in C02 than in metabolic acidosis.
In the present experiment using a carbonic anhydrase (CA) inhibitor, acetazolamide, we have tried to assess whether the C02 exerts stimulatory effects on ventilation through changes in H+. Since this agent slows down the hydration of C02, a new formation of H + during C02 inhalation will be retarded. Hence under inhibition of CA, ventilatory responses to C02 inhalation would be delayed if they are mediated by an increase in [H + ] of the central chemosensor environment. The importance of CA for the prompt activation of the peripheral (BLACK et al., 1971; TRAVIS, 1971 ) and the medullary chemosensors (HANSON et al., 1981) in hypercapnia was already recognized. We compared time courses of changes in ventilatory parameters in response to an abrupt increase in end-tidal Pco2 (PETco2) with and without CA inhibition.
MATERIALS AND METHODS
Studies were performed in eight male albino rats (Wistar strain) weighing 300-400g. After the rat had fallen asleep in a box with a 2.5_3.00 halothane-02 (30-40%)-N2(60-70%) mixture, the trachea was cannulated through a neck incision and PETco2 and end-tidal Pot (PETo2) were measured by continuous sampling of airway gas through a fine stainless steel tube placed in the tracheal cannula; analysis was made by a combined Clark type 02 electrode and an infrared C02 absorption analyzer (NEC-San-ei 1H21). A polyethylene catheter both for blood pressure measurement and arterial blood sampling was placed in the femoral artery, and another catheter was inserted into the femoral vein for drug injection. Body temprature was monitored with a rectal thermistor probe and was maintained at 36.8 + 0.2°C with a temperature regulator and a heating pad.
The animal was placed in the supine position on a table and inhaled 0.8-0.9 halothane-N2-02 mixture (02 concentration 30-40%) throughout the experiment. A constant, relatively large gas flow (700 ml/min) was supplied through the inspiratory line in order to prevent the animal from inhaling the expiratory gas (rebreathing). The respiratory flow was measured by a pneumotachograph, and the breath-bybreath tidal volume (VT) as well as the inspiratory and expiratory times (T1, TE) were obtained from the pneumotachograph output.
The arterial blood was sampled by a heparinized glass syringe secured with vaseline. The dead space of the syringe was completely filled with mercury and 0.3 ml of arterial blood was sampled for analysis by a blood gas analyzer (BMSMk2 Blood Microsystem, PHM 73 pH/blood gas monitor, Radiometer, Copenhagen). The techniques for measuring respiratory parameters, PETco2, and blood gases in the anesthetized rat have already been described in a previous paper (FUKUDA et al., 1982) .
CO2 inhalation. CO2 gas was injected into the inspiratory line. The injection of CO2 was manually regulated under the observation of the CO2 recording in such a way that PETCo2 increases by 15 mmHg as quickly as possible and it was maintained for a period of about 7-8 min. Respiratory responses (VT, T1, TE, respiratory frequency, and respiratory flow) to the abrupt change in PETC02 (on-CO2 transient response) were observed. The response half-time (T12) was obtained by the time required to reach one-half of the final steady-state value for CO2 response. Acetazolamide (50 mg/kg, 50 mg/0.5 ml) was administered through the catheter placed in the femoral vien. This dose was chosen in order to secure complete inhibition of carbonic anhydrase and to avoid other actions besides the inhibition of the enzyme (MAREN, 1977) . At about 15 min after acetazolamide injection, the arterial blood was sampled for gas analysis and the respiratory responses to a step increase in PETCo2 (15 mmHg) were observed in the same manner as in the control state. All experiments were carried out under hyperoxic condition (PETo2 above 200 mmHg) and with intact carotid sinus nerves. Off-CO2 transient responses were not examined because large storage capacity of the body for CO2 makes analysis difficult.
Statistical analysis was performed by using a parired t-test and p <0.05 was considered significant.
RESULTS

Time profile o f ventilatory reponse to hypercapnia
Values of ventilatory parameters, Pa~o2, pHa, and PET~o 2 in the baseline condition prior to CO2 inhalation are shown in Table 1 . Hypercapnic stimulation of ventilation was performed by a stepwise elevation of PETCo2 by about 15 mmHg which produced 8 mmHg increase in Pa~o2, and changes in VT, f, and VE were measured every 10 s. After an abrupt increase of PETco2, f displayed a rapid rise and early plateau (Fig. 1) . The increase in f was mainly due to a shortening of expiratory time and a change in inspiratory time was small. The VT, respiratory flow, and VE, on the other hand, increased gradually and attained the maximum steady state level at about 200 s. The magnitude of increase in VE in the steady state was 122.7 ± 70.9 (mean ± S.D., n = 8) ml/ min. Figure 2 illustrates the increase in VT, f, and VE plotted against the time at every 10 s interval during CO2 inhalation in one rat. The mean Tile for VT, f, and VE are listed in Table 2 . The T1 2 for VT was significantly longer than that for f (Table 1) . A low PET~o2 and a slight increase in PaCO2 resulted in a large blood-gas (arterial to end-tidal) Pooz difference. Effects of CO2 inhalation on the time course of increase in ventilation were then examined as in the control condition. Despite the existence of a large blood-gas Pco2 difference, a stepwise increase in PETCo2 by 15 mmHg produced an almost equivalent increase in Pa~o2 (8 mmHg) with that observed in control condition (without acetazolamide administration). Figure 3 represents a typical example of effect of CO2 inhalation after acetazolamide injection. The mean percentage change of d uE for 8 rats before and after acetazolamide administration were plotted against the Table 2 .
CO2
Response half-times (T1 2) of respiratory parameters during inhalation before and after acetazolamide administration. time in Fig. 4 . The increase in ventilation became much slower than that observed in the control condition, and the VE attained to a new steady state level at about 350 s after the abrupt elevation of PET~o2. The time courses of increase in VT, f, and VE due to C02 inhalation under CA inhibition in one rat are shown in Fig. 2 . The mean Ti12 of ventilatory parameters in 8 acetazolamide-treated rats were presented in Table 2 . A significant prolongation of Tile was observed in f and VE-responese. Although Tile for VT was slightly delayed, the difference between control and acetazolamide groups was not statistically significant. An interesting observation was that the magnitude of increase in VE at the steady state condition (100.1 + 18.2 ml/min, mean + S.D., n = 8) did not differ significantly from that in control condition though the response time was delayed (Table 2) .
DISCUSSION
The present experiment demonstrated the following two interesting findings: first, during C02 inhalation an increase in f was much faster than that in VT, and second, this rapid response of f was significantly delayed by CA inhibition.
Different time course o f VT-and f response to C02 stimulus. The increase in f due to shortening of expiratory time was more rapid than that in VT. The difference of the dynamic characteristics of C02-related respiratory drives between VT and f has not been thoroughly understood. In cats and human the increase in f during C02 inhalation is much slower than that in VT and the magnitude of increase in f was smaller than that of VT (REYNOLDS ez al., 1972; AHMAD and LOESCHCKE, 1982) . WALKER et al. (1985) compared the/-and VT-responses to C02 stimulation between the hamster and rat, and they described that the rat responds to hypercapnic exposure by increasing f and VT whereas the hamster responds by change in VT alone. There is, therefore, a great species difference in the characteristics off and VT-responses during C02 inhalation. AHMAD and LoESCHCKE (1982) suggested that there must be a difference in the mechanism and/or the location of the process in which C02 stimulation influences f in comparison with those of VT. Namely the difference of the distance between the capillaries and the chemosensory sites or the perfusion rate of the sites may be responsible. A rapid onset off-response suggests that there is a contribution from the peripheral arterial chemoreceptors (BLACK et al., 1971; GELFAND and LAMBERTSEN, 1973) . In the present experiments, the carotid sinus nerve was kept intact. In the rat, however, it was found that the afferent activity from the carotid chemoreceptor did not increase in a large extent as in the cat in response to hyperoxic hypercapnic stimulation (FUKUDA et al., 1987) . TRAVIS (1971) demonstrated that stimulation of the dog carotid chemoreceptor occurred predominantly through the hydration of C02 and that molecular C02 was inactive.
We have no evidence that a similar mechanism activates the rat carotid chemoreceptor. At present, we could not completely exclude a possibility that the carotid chemoreceptor activation contributes to a rapid onset of increases in f during C02 inhalation in the rat. Our unpublished observations, however, show that the time course of increase in f in response to hypercapnia is delayed but still faster than that of VT even after the denervation of the peripheral chemoreceptor afferents. Therefore, the differences in time course of responses between VT and f originate mainly in the central regulating mechanism. Since VT-response was slow in its time course, the increase in VT during C02 inhalation in the rat resulted probably from the activation of some time-consuming process (see later). Further analysis would be necessary for elucidating the mechanism of different time courses of VT-and f responses during C02 stimulation and possible roles of peripheral chemoreceptors activation on it. Effect of acetazolamide administration. Administration of acetazolamide produced a reduction in PETC02 with accompanying slight increase in Pa~o2 and augmentation of ventilation. The inhibition of CA not only inhibits the C02 transport from tissues but also inhibits the diffusion of C02 into alveoli, which consequently causes a large blood-gas Pro, difference. Respiratory stimulation after CA inhibition may probably be due to an increased tissue P~o2 and/or tissue acidosis (KJALLQUIST et al., 1970) . After acetazolamide administration the ventilatory response to inhaled C02 was delayed although the magnitude of increase in ventilation in the steady state hypercapnia remained unchanged. HANSON et al. (1981) observed that a transient respiratory flow response to intra-vertebral artery injection of C02-enriched solution became small after acetazolamide administration.
The most likely mechanism by which acetazolamide resulted in the delay of response time is the known specific action of this agent to inhibit the CA in the vicinity or within the chemosensing structures especially in the central chemosensor environment. Two studies (MAREN, 1977; VOGH, 1980) confirmed that the full inhibition of CA in the central nervous system occurs at 50 mg/kg of acetazolamide given intravenously. The administration of excessive larger doses of acetazolamide may produce other actions besides CA inhibition (MAREN, 1977) .
There are several complicating problems about the estimation of the time course of ventilatory response to CO2 under the condition of CA inhibition. The principle which we must take into account is that the change in the brain ECF pH is determined not only by the magnitude of CO2 stimulus but also by the buffering capacity of the brain (HC03 formation). Since the time course of ventilatory response to CO2 depends upon the magnitude of C02-stimulus (REYNOLDS et al., 1972) , it seemed important that the same magnitude of stimulus, as judged by the increment of PETco2 (15 mmHg) and of Pa~o2 (8 mmHg), was given before and after CA inhibition. A smaller increase in PaCO2 than that in PETco2 during CO2 inhalation accords with the observation in spontaneously breathing awake rat (LAI et al., 1978) . It was reported that the time for the uncatalyzed hydration reaction of CO2 to proceed to 90% equilibrium at a constant CO2 concentration at 38°C was 125 and 300 s at pH 7.0 and 7.4, respectively (MAGID,1970) . The comparable times for 50% equilibrium are about 35 and 90 s over the same pH range (TRAVIS, 1971) . GRAY (1971) calculated the half-times for uncatalyzed CO2 hydration when Pco2 was doubled from 40.5 to 81 mmHg and found that the half-time varied from 0.3 to 30 s as buffering capacity was increased from 0.2 to 40 mM/pH. Since acetazolamide lowers the CO2 buffering capacity of the brain (KJALLQUIST et al., 1970) , the prolongation of CO2 hydration under uncatalyzed reaction will be more or less attenuated. A rapid increase in the brain ECF [HC03 ] during CO2 inhalation (LOESCHCKE and AHMAD, 1980 ) may be delayed after CA inhibition. However, the time constant for [H+] change in the brain ECF, which was measured directly on the brain surface, was actually delayed by acetazolamide administration (LoESCHCKE and AHMAD, 1980) . The sites of action of CA inhibition are supposed to be glial cells (GIACOBINI, 1962) , endothelial cells of the brain capillaries (LAUX and RAICHLE, 1981) , and choroid plexus. Our present data demonstrated that the Tl l2 for VE-response was prolonged from 31 to 63 s by CA inhibition. The delay was considerable in f -response but less in VT response. A simple explanation is that this delayed f -response is due to a slow increase in the brain ECF [H}] produced by uncatalyzed reaction although a direct action of molecular CO2 cannot be ruled out. The fact that the time course of VT-response was not significantly affected by CA inhibition suggests that increased [H+] produced by hydration of CO2 under the influence of CA does not largely contribute to the VT-response. The VT-response occurred slowly, far behind the f -response, even without CA inhibition. This suggests that the VT-response may be mediated by the process which requires time, such as formation of humoral factors induced indirectly by CO2 molecule rather than by a direct action of molecular CO2 on the membrane of neurons responsible for the regulation of VT.
Another possibility is that the delayed response to CO2 might be caused by changes in the baseline ventilation and/or acid-base status after CA inhibition.
However, the magnitude of increase in VE during hypercapnia did not differ significantly before and after CA inhibition. Therefore, even with increased baseline VE after acetazolamide administration, a "reservoir capacity" for further increase in VE during CO2 inhalation was not saturated. As seen Figs. 2 and 3 , during CO2 inhalation f increased to a further high level although the baseline f was increased by acetazolamide.
Until recently, the hypothesis that H+ of the medullary ECF is the unique stimulus to the central chemosensors has been widely accepted. However, experimental evidence has been accumulating to suggest that CO2 molecule has an effect on the central chemosensors that is independent of changes in ECF H + . In the present study we found different effects of CA inhibition on the time course of VTand f -responses to CO2 stimulus indicating a different contribution of H+-increase to various ventilatory parameters. HARADA et al. (1985) found that increased H + at a constant P~02 enhanced both f and tidal activity, whereas hypercapnia at a constant pH caused an increase in tidal activity but no effect on f in in vitro medullary-spinal cord preparation obtained from the newborn rat. All these facts indicate that the effect of changes in P~02, H +, or even HC03 -must be considered separately on each individual ventilatory parameter, i.e., VT, f, and/or respiratory timing (TI, TE). Roles of changes in intracellular pH change, if any, have not been defined in the present experiment.
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